In this study, the performance of uplink spectral efficiency in massive multiple input multiple output (MIMO) over a spatially correlated Ricean fading channel is presented. The maximum ratio combining (MRC) receiver is employed at the base station (BS) for two channel estimation methods. The first method is based on pilot-assisted least minimum mean square error (LMMSE) estimation, whereas the second is based on line-of-sight (LOS). The respective analytical expressions of the uplink data rate are given for these two methods. Because of the existence of pilot contamination, the uplink data rate of the pilot-assisted LMMSE estimation method approaches a finite value (we call it the asymptotic rate in this study) when the BS antenna number is high. However, the data rate of the LOS method is linear with the number of BS antennas. The expression of the uplink rate of the LOS method also shows that for a Ricean channel, the spatial correlation between the BS antennas may either decrease the rate or increase the rate, depending on user location. This conclusion explains why the spatial correlation may increase rather than decrease the data rate of pilot-assisted LMMSE. We also discuss the power scaling law of the two methods, and show that the asymptotic expressions of the two methods are the same and both are independent of the antenna correlation.
Introduction
Massive multiple input multiple output (MIMO) technology has been investigated for its remarkable potential to increase spectral and energy efficiency even with a very simple linear transmitter/receiver [1] [2] [3] [4] . However, increasing the number of antennas leads to new challenges such as obtaining accurate channel state information (CSI). For time division duplexing (TDD) systems, the downlink CSI can be obtained by using uplink pilots and exploiting channel reciprocity. However, estimation errors, feedback delay and quantized errors will occur, which impair system performance. In addition, since the coherence time is limited, the number of orthogonal pilots is restricted. So we have to reuse the same pilot sequences in different cells, which causes pilot contamination. The system capacity of massive MIMO is hardly determined by the reuse of pilot sequences between the nearby cells [5] . Reducing the pilot contamination is crucial to further improving massive MIMO performances.
Ref. [6] proposed a new multi-cell minimum mean square error (MMSE)-based precoding method in order to reduce pilot contamination. For the TDD system, the overall cells are divided into two groups, where the users in the cells of one group transmit pilot sequence to base stations (BSs), whereas users in cells of the other group receive data. Through this arrangement, pilot contamination remains only within the same group and is efficiently reduced without inter-cell cooperation [7, 8] . In such technologies, the signal to interference plus noise ratio (SINR) of user is limited and cannot reach infinity with an increase in the number of BS antennas. However, effects of pilot contamination are related to the pilot assignment scheme. As a result, many researchers have studied how to optimize the pilot assignment or scheduling schemes [9] [10] [11] [12] . In addition, some studies have indicated that pilot contamination is not inevitable. For example, in the event that covariance matrices satisfy a certain non-overlapping condition on their dominant subspaces, a Bayesian channel estimation method that explicitly uses covariance information can completely remove pilot contamination effects [13] . Because the source of pilot contamination lies in using pilot-assisted channel estimation, the channel can be estimated blindly. Then, the pilot contamination is avoided because no pilots are used [14] [15] [16] . Considering the inherent sparsity of wireless channel, we can employ sparsity channel estimation and pilot design using compressive sensing technology to reduce pilot overhead and pilot contamination [17] [18] [19] .
The other challenge of massive MIMO lies in the limited space at the BS-side, which creates difficulties in antenna mounting. In addition, millimeter-wave (mm-wave) wireless systems are emerging as a promising technology for full exploitation of a spatial multiplex and development of a higher spectrum. The millimeter-wave operates from 30 to 300 GHz with a wavelength between 1 to 10 mm, and the smaller wavelength enables a large number of antennas to be mounted in the limited space [20, 21] . Because of the highly directional nature of propagation, line-of-sight (LOS) propagation plays an important role in mm-wave. In addition, when the cell coverage is shrunk, the channel between users and the BS will likely include the LOS component [22, 23] . As a result, the LOS is expected to be a new propagation mode for massive MIMO. However, the majority of studies are based on the assumption of the Rayleigh fading model, which simplifies the mathematic model and analysis. The Rayleigh model is no longer suitable when an LOS exists. The Ricean fading model is applicable when the wireless link between the transmitter and receiver has an LOS component in addition to the diffused Rayleigh component. Ref. [24] investigated the uplink rate of massive MIMO over iid Ricean fading channels.
In this study, we investigate the uplink data rate of massive MIMO over correlated Ricean fading channels for two CSI estimation methods. The first method is a maximum ratio combining (MRC) based on pilot-assisted least minimum mean square error (LMMSE) estimation, which causes pilot contamination. In order to avoid pilot contamination, similar to [25] , we take the first order statistical information as the estimated channel. This means using the LOS component as the estimated channel, while the diffused component is regarded as interference. The main contributions of this study are as follows.
(1) We deduce the respective analytical expressions for two methods. Because of the existence of pilot contamination, the uplink data rate of the pilot-assisted LMMSE estimation method approaches a finite value when the number of BS antennas is very high. However, the infinite uplink achievable rate of the LOS method is linear with the number of BS antennas. This means that as the number of BS antennas increases, the gap between the two methods will become increasingly smaller, and finally the rate of LOS method will exceed that of the pilot-assisted LMMSE estimation method.
(2) The effect of Ricean fading on the uplink data rate has been investigated extensively. Based on the expression of the achievable rate of the LOS method, we find that the correlation between the BS antennas may either decrease or increase the rate depending on user location. Therefore, if the locations of users cause antenna correlation to increase the rate with an increase of the Ricean factor, the rate of the pilot-assisted LMMSE estimation method will become larger as a result of antenna correlation, because the effect of the LOS component becomes stronger.
(3) We also discuss the power scaling law of the two methods. When the number of base station antennas is very high, the asymptotical expressions of the two methods are the same and both are independent of the antenna correlation.
System model
Consider the L cells system with one BS and K mobile users in each cell. Each BS is equipped with N antennas, and each user has a single antenna. We assume that the system is operating on TDD protocol with full frequency reuse. Taking cell 1 as the reference cell, the uplink received base-band signal vector is given by
where y = [y 1 · · · y N ] T is the received signal vector,
, where x l,k is the transmitted signal of user k in the lth cell, and p u is the average transmit power of each user. G l = [g l,1 · · · g l,K ] is the composite channel matrix of all K users in the lth cell to the reference cell. w is the additive noise vector that satisfies standard complex Gaussian distribution. Because the distance between the users in the reference cell and the reference BS is small, the channel of users in the reference cell is modeled so that it consists of two parts: a deterministic component corresponding to the LOS path and a Rayleigh-distributed random component that accounts for the scattered signals. By contrast, the distance between users in the interfering cell and the reference BS is large. Therefore, the LOS component is no longer present in channels because of the scatters and building blocks. Based on this, the fast fading can be modeled as
where [H 1 ] N ×K is the deterministic component with [H 1 ] n,k = e −j(n−1) 2πd λ sin θ k , d is the antenna spacing, λ is the wavelength, and θ k ∼ [−π/2, π/2] is the arrival angle of the kth user in the reference cell.
[ ⌢ H l ] N ×K = [h l,1 h l,2 · · · h l,K ] denotes the channel matrix for fast fading between the users in each cell and the reference BS that satisfies the standard complex Gaussian distribution. Ω is a diagonal matrix with Ω k,k = ϑ k as the kth element denoting the Ricean factor that represents the ratio of the power of the deterministic component to that of the fading component. The bigger ϑ k is, the more deterministic is the channel. Considering the correlation between the BS antennas and assuming all user correlations are the same, the composite channel matrix can be expressed as
Λ l = diag( λ l,1 · · · λ l,K ) with λ l,k representing the slow fading (including the shadow and path loss), and R is the deterministic receive correlation matrix. R has the following properties: positive definite, Tr [R] = N , and having uniformly bounded spectral norm.
3 Uplink rate analysis using pilot-assisted LMMSE channel estimate
LMMSE channel estimate
Assuming that both the deterministic LOS component and the Ricean factor matrix Ω are perfectly known at both the transmitter and receiver, only the Rayleigh fading part needs to be estimated. We define the estimated channel matrix aŝ
In the multi-cell scenario, non-orthogonal training sequences must be used because the orthogonal pilot resources are limited as a result of the coherence time of the channel. During the uplink pilot transmission, users in all cells simultaneously transmit the pilot sequence of length τ . In addition, K τ < T , where T is the coherence time of the channel. We let τ = K. Therefore, the training matrix is a K × K unitary matrix that satisfies Φ H Φ = I K . The received pilot signals at the reference cell can be expressed as
where W P is an N × K noise matrix that satisfies standard complex Gaussian distribution. Removing the LOS part, we get
After correlating the received training signal Y * P with the pilot sequence of user k, we get
where w P,k ∼ CN (0, I N ). Therefore, according to the LMMSE theory, we get
as the Rayleigh fading part of the estimated channel. Thus,⌢ g l,k can be modeled aŝ
Based on the orthogonality property of the LMMSE estimate, ⌢ g l,k can be decomposed as
, andĝ l,k =⌢ g l,k ,g l,k =⌢ g l,k when l = 1, the overall estimated channel can be expressed aŝ
and the covariance matrix of the overall estimation error is then expressed as
Achievable uplink rate
Considering the uplink transmission represented by (1), the overall uplink received signal at the reference BS can be written as
We use an MRC receiver for data detection:
Thus, we get
Then, the achievable rate of user k is
then we obtain an approximation as follows [24] :
According to Lemma 1, the achievable rate of user k can be approximated simply as follows.
Theorem 1. For the system model being considered, when BS uses the MRC receiver based on pilotassisted LMMSE channel estimation, the achievable rate of user k can be approximated simply by
In order to see the individual effect of the LOS and Rayleigh components on SINR k , we divide the signal and interfering power into two parts respectively as follows:
A =diag (a 1 , a 2 , . . . , a N )
where
Proof. See [26] .
Theorem 2. When the number of BS antennas is very high, the achievable rate of user k in the reference cell based on pilot-assisted LMMSE channel estimation can be approximated by
Reviewing the proof of Theorem 2, we can make the following conclusion.
(1) As the number of BS antennas is very high, the effects of uncorrelated receiver noise and intracell interferences are eliminated completely, leaving the users using the same pilot as the only interferences. This is the same conclusion as for the Rayleigh fading channel. The signal power of the reference user includes both the LOS and Rayleigh components. In addition, when ϑ k = 0,
which coincides with the results from the Rayleigh channel.
(2) We further analyze the effect of the LOS component on SINR ∞ k . First, we make the following definitions:
After performing some algebraic operation to y, we get
which shows that with the increase in ϑ k , ϑ k ϑ k +1 increases, which in turn causes y to increase. In addition, the increase in y consists of the increase in
and ϑ k ( L l=2 λ l,k d n + 1 pP ). Because 1
ϑ k +1 =λ 1,k is independent of ϑ k , then we can conclude that x increases with the increase in ϑ k , which means the LOS component raises the user's SINR.
(
and the upper limit of the this inequality is achieved when x i = M and x m = 0, m = i, whereas the lower limit is achieved when x i = 1, ∀i. According to (12) , the LOS component of the signal power is related to the correlation of the BS antennas, whereas the Rayleigh component is independent of the correlation. In addition, according to (13), we get
Thus, in the case of a large p P , we can conclude that the correlation of BS antennas has little influence on the asymptotic rate. In addition, the asymptotic rate is nearly independent of the value of p P . When R = I, after some algebraic manipulations, SINR ∞ k can be expressed as
which coincides with [24] . In addition, the expression confirms our conclusion that the LOS componet raises the user's SINR.
Theorem 3. If the transmit power of each user is scaled down to p u = E u N −ε for a fixed E u and ε > 0, when the number of antennas increases, the user's uplink rate of the MRC receiver based on pilot-assisted LMMSE channel estimate approaches the following:
and for ϑ k = 0,
Proof. See [26] . We can make several observations from Theorem 3. For Rayleigh fading, the SINR is dependent on the BS-sided correlation when the power scaling is considered (although the effect is limited). In addition, ε should be no more than 1/2 to obtain a non-zero constant value with increasing N . For Ricean fading, the SINR is independent of the BS-sided correlation when the power scaling is considered. Furthermore, ε should be no more than 1 in order to obtain a non-zero constant value with increasing N . Comparing (16) and (17), we find that for Ricean fading, the uplink rate depends only on the LOS related power, whereas the Rayleigh related power and the interference from users in other cells disappear.
Uplink rate analysis using LOS component as channel estimate
The received signal y can be expressed in the following form:
As previously mentioned, both the deterministic LOS component and Ricean factor matrix Ω are perfectly known. In this section we use the LOS component as the channel estimate while using the scattered part as interference.
Based on the assumptions, the MRC filterc k =ḡ H 1,k . Thus, after MRC filtering, the signal of the kth user is
Based on the Worst Case Uncorrelated Additive Noise Theorem, the lower bound of the kth user's achievable rate is
Theorem 4. For the system model considered, when the BS uses the MRC receiver based on the LOS component, the lower bound of the achievable rate of user k is
Proof. Define
and then each element of the numerator and denominator can be simplified as follows: 
Then, substituting all the expressions into (22) , Theorem 4 is proved. Similarly, we give the expression of SINR LOS k when the number of BS antennas N is high.
Theorem 5. Using the LOS component as the channel estimate, as the number of BS antennas N is very high, the achievable rate of user k can be approximated as follows:
Proof. is a constant depending on the BSsided correlation. In addition, ρ k,i = 1−e jN ϕ ki 1−e jϕ ki , ϕ ki = 2πd λ (sin θ k − sin θ i ) and 1 − e jN ϕ ki are limited. Therefore, when N → ∞, |ρ k,i | 2 N → 0. Finally, Theorem 5 is proved. Theorem 5 shows that as the number of BS antennas is very high, the power of the reference user increases linearly with the number of BS antennas; the intracell interferences caused by the LOS component are eliminated completely, leaving the power related to the Rayleigh component of all users and the uncorrelated noise as the finite interferences. In addition, compared to the power related to the Rayleigh component, the noise power has little influence on the asymptotic rate in the case of a large p u . Based on these, we can easily speculate that as the number of BS antennas increases considerably, the user's rate when using the LOS component will gradually exceed the rate when using the LMMSE estimate. Moreover, according to (24) , the rate increases with the increase in ϑ.
For R = I, Eq. (24) becomes
Eq. (25) shows clearly that with the increase in the number of BS antennas, the user's SINR of the reference cell increases linearly when using the LOS component as the channel estimate. Theorem 6. If the transmit power of each user is scaled down to p u = E u N −ε for a fixed E u and ε > 0, when the number of antennas increases, the user's uplink rate of the MRC receiver based on the LOS component as the channel estimate approaches the following:
where SINR
Proof. Subsituting p u = E u N −ε into (19) , Thus, Theorem 6 is proved.
We find that Eq. (27) is the same as (16) . Therefore, we conclude that for a Ricean channel, when power scaling is considered, pilot contamination will gradually disappear using pilot-assisted LMMSE channel estimation, and the user's SINR will approach to that when using the LOS component as channel estimation. Thus, for massive MIMO, pilot-assisted LMMSE estimation has little meaning.
Numerical results
In this section, we validate the aforementioned analyses presented through a set of Monte-Carlo simulations. As in [27] , a 7-cell hexagonal system layout is adopted. The inner cell radius is normalized to 1, the distance between two adjacent cells is normalized to 2, and we assume a distance-based path loss model with path loss exponent α = 3.7. To enable our results to be reproduced, we distribute K = 10 users uniformly on a circle of radius 2/3 around each BS based on the random position distribution model in [27] . The entries of the BS-sided correlation matrix are modeled via the common exponential correlation model [R l,i ] m,n = κ |m−n| with κ being the correlation coefficient. Assuming all users in the reference cell have the identical Ricean factor, and with the ratio of the antenna spacing to wavelength set to 0.5, unless otherwise stated, the arrival angles are uniformly distributed in the interval − π 2 , π 2 , which means θ k = π(k−1) K − π 2 , k = 1, . . . , K. In addition, the coherence time of the channel is chosen as T = 196 according to the long term evolution (LTE) standard.
We next give a comparison of the two methods of channel estimation. First, we assess the validity of the proposed approximate formulas. Assuming the data power p u = 10 dB, and the pilot power p P = 10p u , Figure 1 plots the achievable sum-rate against the number of BS antennas N for various Ricean factors when the pilot-assisted LMMSE estimation is used with κ = 0.2. Obviously, the approximate expression is quite tight, especially at a large N . Figure 1 shows that, as expected, the achievable rate increases with an increase in the Ricean factor ϑ k , which is consistent with the aforementioned conclusion that the uplink rate with Ricean fading is higher than that with Rayleigh fading. Figure 2 plots the achievable sum-rate against N for various Ricean factors when the LOS component is used for channel estimation with κ = 0.2. Similarly, the approximate expression is quite tight, especially at a large N . Figure 2 shows that, as expected, the achievable rate increases with an increase in the Ricean factor ϑ k . Moreover, we find that Eq. (18) approaches the asymptotic rate (23) when the number of antennas is not very high. Figure 3 plots the achievable sum-rate against SNR for different numbers of antennas N with κ = 0.2, ϑ k = 3 dB for pilot-assisted LMMSE estimation and the LOS component channel as channel estimation. Because the power of the noise is normalized, the value of SNR equals p u . Obviously, the approximate expressions are quite tight for different SNR, especially at a large N . Therefore, as explained in the following section, we use the approximate expression to replace the exact one for performance analysis. As expected, the increase in SNR raises the achievable sum-rate. However, the effect is gradually weakened as the SNR grows. In addition, in the case of a large SNR, the achievable sum-rate is practically independent of SNR. Figure 3 shows that the achievable sum-rate increases with the increase in N for both channel estimation methods. The influence of N is also greater when LOS is used for channel estimation compared with the pilot-assisted LMMSE channel estimation, which causes the sum-rate of LOS to gradually exceed that of the pilot-assisted LMMSE channel estimation.
For further analysis of the effect of the BS correlation on the uplink sum-rate, Figure 4 plots the achievable sum-rate as a function of the number of BS antennas N for various Ricean factors and correlation coefficients. R ∞ is the asymptotic sum-rate when N is very high. When N is finite, Figure 4 clearly shows that for small ϑ k (that is, near Rayleigh fading) the correlation decreases the uplink rate. However, as ϑ k increases, the effect of correlation on the uplink sum-rate becomes varied; it seems that the correlation causes a light increase. As expected, when N is very high, the infinite rates for different correlations are too similar to be distinguished in the plot, which means that the effect of the BS spatial correlation on the rate can be negligible.
In order to provide an assessment of the influence of spatial correlation on the uplink sum-rate, Figure 5(a) plots the achievable sum-rate as a function of the number of BS antennas N for various Ricean factors and correlation coefficients. Figure 5 (a) clearly shows that the correlation increases the uplink sum-rate, and the increased phenomenon is not eliminated with the increase in the number of antennas. Through further analysis, we find that the phenomenon is not inevitable, as it depends on the position distribution of users. For example, if we choose θ k = 2k−1 2K − π 4 , k = 1, . . . , K, the correlation decreases the uplink sum-rate, as shown in Figure 5(b) .
For further analysis of the effect of spatial correlation and the Ricean factor on the sum-rate, Figure 6 shows the sum-rate against the Ricean factor ϑ k for different correlation coefficients with N = 600 for two channel estimation methods. By fully analyzing the two groups of curves, we can derive the following conclusion. For a Ricean channel, the spatial correlation can either decrease or increase the sum-rate depending on the distribution of the user positions. For the Rayleigh fading channel, the spatial correlation only decreases the sum-rate. If the specific position distribution causes the LOS component related sum-rate to increase, then the effect of the LOS component on the sum-rate grows with the increase in Ricean factor. Finally, the total sum-rate with pilot-assisted LMMSE estimation increases, as shown in Figure 6 . Figure 7 validates the power-scaling law in Theorems 3 and 6 with ϑ k = 6 dB, E u = 20 dB. When the scaling factor ε = 1, the sum-rate against the number of antennas shows a trend of rising to a level of stability. However, when ε = 1.5, the sum-rate against the number of antennas shows a trend in which it first rises, then declines, which means the user's power has been reduced too much. In addition, when the transmit power is scaled, the sum-rates of the two methods eventually become identical as N increases (in Figure 7, N = 1200) . The difference between the two methods is because of the pilot overhead ( T −K T ). Figure 7 also shows that the spacial correlation has little influence on the power-scaled sum-rate. Figure 8 compares the sum-rate against the number of antennas for the two methods of channel estimation. Figure 8 clearly shows that with the increase in N , the gap between the two methods is gradually reduced, and after a specific value (we simply call it the turning point), the sum-rate when LOS is used as channel estimation becomes greater than that of the pilot-assisted LMMSE channel estimation. Moreover, the bigger ϑ k is, the smaller is the value of the turning point.
Conclusion
We studied the performances of spectral efficiency over a correlated Ricean fading channel. We deduced the respective analytical expressions for two methods. The first method was MRC based on pilot-assisted LMMSE estimation. The second method was MRC based on LOS component. The effect of Ricean fading was investigated extensively in the study. The following conclusion was drawn.
(1) When the number of BS antennas is very high, as a result of pilot contamination, the asymptotic uplink data rate of the pilot-assisted LMMSE estimation method approaches a finite value, which increases with an increase in the Ricean factor. However, the asymptotic uplink data rate of the LOS method is linearly with the number of BS antennas. Therefore, the uplink achievable rate of the LOS method will exceed that of the pilot-assisted LMMSE estimation method with the increase in the number of antennas.
(2) The expression of the achievable rate of the LOS method also showed the correlation between the BS antennas may either decrease or increase the rate depending on user location. Therefore, if the locations of the users cause antenna correlation to increase the rate, with an increase in the Ricean factor, the rate of pilot-assisted LMMSE estimation method will increase as a result of antenna correlation, as the effect of LOS component becomes stronger.
(3) When the power is scaled, the asymptotic expressions of the two methods are the same and both are independent of antenna correlation.
(4) In summary, when the power of LOS component is comparable to that of the Rayleigh component in Ricean channel, it has little meaning for pilot-assisted LMMSE estimation for massive MIMO.
